The air in livestock buildings contains bioaerosol levels that are sufficiently high to cause adverse health effects in animals and workers. These bioaerosols are complex mixtures of live and dead microorganisms and their products as well as other aeroallergens. The effectiveness of sampling methods used for quantifying the very high concentrations of microorganisms in these environments has not been well studied. To facilitate an accurate assessment of respiratory hazards from viable organisms in agricultural environments, three bioaerosol sampling methods were investigated: the Andersen microbial sampler method (AMS), the all-glass impinger method (AGI), and the Nuclepore filtration-elution method (NFE). These methods were studied in a parallel fashion in 24 swine confinement buildings. Measurements were taken in two seasons with three types of culture media in duplicate to assess total bacteria, gram-negative enteric bacteria, and total fungi. Methods were analyzed for the proportion of samples yielding data within the limits of detection, intraclass reliability,
and correlation between methods. For sampling viable bacteria, the AMS had a poor data yield because of overloading and demonstrated weak correlation with the AGI. Conversely, the AGI and NFE gave sufficient numbers of valid data points (90%o), yielded high intraclass reliabilities (at 0.92), and were highly correlated with each other (r = 0.86). The AGI and the NFE were suitable methods for assessing bacteria in this environment, but the AMS was not. The AMS was the only method that consistently recovered enteric bacteria (73% data yield). For sampling fungi, the AGI and AMS both yielded sufficient data and all three methods demonstrated high intraclass reliability. The AGI and AMS correlated moderately with each other, but each correlated well with the NFE. However, the AGI measured significantly higher airborne fungal concentrations than did the AMS. Thus, the AGI was the preferred sampling method for viable fungi. Selection of an appropriate method depends on the purpose of sampling, expected bioaerosol concentrations, and environmental conditions. In this study, the AGI was best for total bacteria and fungi and the AMS was preferred for sampling enteric organisms.
Agricultural work often involves life-long exposure to dusts at concentrations that frequently exceed 5 mg/mr3 (8) . These high dust exposures occur especially during harvesting, grain and silage handling, and work in livestock and poultry buildings. Since agricultural dusts contain animal proteins or waste products, pollens and plant fragments, arthropods, and environmental and fecal microorganisms, they have high biological activity and are therefore more hazardous than common nuisance dust (8) . The microbial component contributes significantly to the pulmonary diseases associated with inhalation of agricultural dusts (23, 36) . In the past 8 years, a number of investigators have attempted to quantify levels of airborne microorganisms in agricultural environments (5, 7, 9, 10, 12, 17, 21, 31, 33, 46, 48) . One result has been the realization that methods developed for bioaerosol sampling in other settings do not necessarily work well in the agricultural environment. Thus, this study was undertaken in conjunction with an exposure assessment of swine confinement workers to systematically evaluate the three commonly used bioaerosol sampling methods described below.
AGI. Various devices for assessing airborne concentrations of viable microorganisms have been developed and tested over the past 70 years (2, 3, 16, 24, 35, 37, 41, 43) . The all-glass impinger method (AGI) was introduced in the 1920s (16) and modified in the 1950s (35) and continues to be widely used. This sampling device is inexpensive and easy to use and allows for a considerable range of ambient concentrations when serial plating of the solution is performed. In addition, a single sampling solution can be plated onto a variety of media plus subjected to chemical tests or toxin analyses. Limitations of the AGI were noted as loss of viability due to impingement of the microorganisms (45, 49, 50) and loss by re-entrainment in the exhaust flow caused by hydrophobicity, agitation, and misting within the impinger (38) . In addition, some organisms may suffer from the effects of sudden hydration upon impingement or osmotic shock (6) . Viable sampling must be done for short periods of time, less than about 30 min, and preferably on ice to impede replication of microorganisms.
AMS. The six-stage Andersen microbial sampler method (AMS) was developed to allow simultaneous sizing and counting of viable microorganisms (2) . The AMS was studied in detail by a number of researchers, and this work led to improvements in the design (34) and in colony enumeration techniques (25, 29, 42) . In addition, Solomon (47) (27) . This technique, however, can decrease the viability of many organisms and suffers from the drawbacks of other serial plating methods. Other potential problems with the AMS are agglomeration of microorganisms (24) , the stress of impaction, and electrostatic attraction of particles to the plastic agar plates (2) .
NFE. Collection of airborne microorganisms onto filter media followed by elution and plating was studied by Wolochow in 1958 (52) and found to be suitable for some organisms within certain environmental limits. Major problems with this membrane filter method included loss of viability and poor recovery of the organisms from the filters. Later studies for the National Aeronautics and Space Administration (13) (39, 40) . Despite variable results with this method in comparative studies (27) , filter methods continue to be used because of their simplicity and their ability to provide information on both viable and nonviable organisms (40) .
To quantify exposures to microorganisms in swine confinement buildings for human health studies, we (15, 20) . The sampling media consisted of 20 ml of Trypticase soy agar (TSA), MacConkey's medium (MAC), or malt extract agar (MEA) in 100-mm disposable plastic petri plates. TSA was selected because it had been used extensively and successfully for the isolation and cultivation of a variety of fastidious environmental microorganisms. MAC is a nonselective differential medium for isolation of gram-negative enteric bacilli and will isolate members of the family Enterobacteriaceae, non-lactose-fermenting gram-negative bacilli, and some enterococci. MAC is an appropriate choice for the swine barn environment, since the majority of gram-negative bacteria are of enteric origin (9) . MEA has been widely used for sampling airborne fungi and is recommended by the American Conference of Governmental Industrial Hygienists bioaerosols committee because it exceeds other mycologic media in recovery of common saprophytes and is one of the diagnostic media for Aspergillus spp.
Andersen samplers were autoclaved and unwrapped just before use. Sampling times ranged from 15 Quebec colony counter at 24-h intervals until growth had stabilized, usually by 5 to 7 days. Corrections for coinci-dence were made by the positive-hole method (2, 42) , which corrects for the decreasing probability of a particle passing through a "naive" hole with increasing bioaerosol concentration.
AGI. Paired, autoclaved all-glass impingers with 30-mm jet-to-bottom spacing (AGI-30) and 12.5-liter/min critical orifices were used with 20.0 ml of 1% peptone-distilled water with 0.01% Tween 80 and 0.005% antifoam A (Sigma Chemical Co., St. Louis, Mo.) by the widely used method in which the bioaerosol-laden air stream impacts on the liquid surface. Sampling was performed for 30 min or less with the impinger on ice, and then the impingers were transported to the laboratory under refrigeration. The neck of each impinger was flushed with the impinger solution to wash the nonrespirable fraction of the dust into the impinger containing the respirable material. The final volume was measured and corrected for evaporation. Suspensions were shaken, and 0.1-ml samples of serial 10-fold dilutions in 0.1% peptonedistilled water were plated onto TSA, MAC, and MEA and then incubated and counted. Optimally, colony counting was done on plates containing between 30 and 300 colonies. Concentrations of airborne organisms were then calculated from the number of colonies, the volume of air sampled, and the dilution factor.
NFE. The NFE was based on a sampling procedure described by Palmgren et al. (41) . Nuclepore filters (0.4-,um pore size, 37-mm diameter) supported by cellulose pads were loaded into closed-face, collared cassettes. Cassettes were sterilized with ethylene oxide and off gassed for 1 month before use. Paired samples were collected at 2 liters/ min with calibrated personal sampling pumps. The sampling times ranged from 15 to 30 min. By sampling for 30 min or less at 2 liters/min, both viable and nonviable organisms were recovered while the loss of viability of organisms was minimized. Samples were transported within 4 h at ambient temperatures to the laboratory, where they were eluted from the filters by injecting 1 ml of filtered, sterile 0.1% peptonedistilled water with 0.01% Tween 80 into the support pad and 5 ml of the same medium onto the filter surface. The cassettes were recapped and shaken for 15 min, and the wash solution was drawn off, measured, and then plated in serial 10-fold dilutions onto the culture media. Airborne concentrations were determined from the plate counts by multiplying the CFU by the dilution factor and by the eluate volume (5 ml) and dividing by the volume of serial dilution material plated and the volume of air sampled.
Fluorescence microscopy NFE. The viable plus nonviable microorganisms were quantified by a previously described method (1) modified in a manner similar to that described by Donham et al. (9) and Palmgren et al. (40, 41) . Bioaerosols were sampled as described above for the NFE, except that they were fixed with 1% formaldehyde and stained in situ for 2 min with filtered acridine orange (0.1 mg/ml) in pH 7.2 phosphate buffer. Filters were then dried and mounted on glass slides and cleared with 1 drop of Cargille A immersion oil. Between 20 and 300 fields were then counted, such that 400 to 1,000 microorganisms were tallied. Fluorescence and proper morphology were used to judge whether an object was a microorganism. The total organisms counted in these fields were adjusted to microorganisms on the sampling surface of the filter by multiplying by the ratio of the area counted to the total sampling area. Airborne (14) .
The results of tests of correlation between sampling methods within organism class are listed in Table 3 and plotted in Fig. 2 . For sampling bacteria, the correlation between the AGI and the AMS was poor (r = 0.33), although the values were centered about the identity line (Fig. 2a) . The AGI results plotted against the NFE results illustrate excellent correlation (r = 0.86), with most values falling close to the identity line. In the five cases where there was the greatest deviation from the identity line, the values yielded by the AGI were higher than those of the NFE. Calculation of Cronbach's ao for the three sampling methods analyzed as a group showed that dropping the AMS-sampled measures from the data set improved the reliability from 0.88 to 0.91.
Dropping either of the other measures resulted in a loss of reliability.
For sampling airborne fungi, the AGI correlated poorly with the AMS (r = 0. estimated the concentrations relative to the AGI (Fig. 2c and  d) . Conversely, the plot for the AGI versus NFE shows that the data fell close to the identity line. For both the bacteria and the fungi, the correlation of the AMS with the NFE was stronger than that of the AGI with the AMS (Table 3) . For enteric bacteria, the AGI and the AMS correlated well (r = 0.70) but the sample size was small (n = 11). the AGI (P = 0.002) ( Table 4 ). The fact that the AMS yielded approximately one-third the number of CFU per cubic meter obtained with the AGI or the NFE was particularly disturbing. In our experience, the AMS generally performs well for sampling fungi in other settings. This analysis, guided by the three evaluation criteria, illustrates that for sampling viable bacteria in swine barns the AGI and NFE gave sufficient numbers of valid datum points, all three methods yielded high intraclass reliabilities, and the AGI and NFE correlated well. For enteric bacteria, only the AMS generated sufficient data with a high enough a value. For sampling fungi, the AGI and AMS both yielded sufficient data, all three methods had high Cronbach's aL values, and the AGI and NFE correlated well. Since the recovery of airborne fungi measured with the AGI was superior to that of the AMS (Table 4) , the AGI was the sampling method of choice for viable fungi.
DISCUSSION
Three bioaerosol sampling methods, each run in duplicate, were performed simultaneously in 48 field sampling sessions to determine the most reliable and predictive method for air monitoring in livestock confinement facilities. Analyses compared the proportion of the data falling within the limits of detection, the intraclass reliabilities, and the correlations between methods. Selection criteria based on these analyses were used to judge which method was the most suitable. Subsequent evaluations of possible relationships between these bioaerosol exposures and the health status of the swine confinement workers studied at these sites will use only the data from sampling methods judged acceptable by these criteria.
When bacteria were sampled, the AMS overloaded even with very short sampling times (15 s) and demonstrated poor correlation with the AGI (Table 3 , Pearson's r = 0.33). The AMS data in Fig. 2a appear to be truncated at about 2 x 105 CFU/m3. Using stages 2 and 6 of the 400-hole 6-stage AMS, the maximum concentration that can be quantified in a 15-s sample is 5.2 x 105 CFU/m3 (coincidence corrected; coefficient of variation, <10%). Since the total bacterial count is considered over the upper limit for the instrument if either stage overloads, one can exceed the limit of detection at a bacterial concentration as low as 2.6 x 105 CFU/m3. Thus, the strange appearance of Fig. 2a is attributable Prior testing of bioaerosol sampling protocols has generally been performed in environments with low microbial concentrations, under laboratory test conditions with only one or two species, or without comparisons among the AGI, AMS, and NFE. Testing that fails to reflect the harsh nature of environments such as barn atmospheres does not shed light on how the methods will operate under these field conditions. Lembke et al. (24) performed air sampling with the six-stage AMS (with TSA) and later with the AGI (with blood agar) in a municipal solid waste recovery system. They compared the duplicate sampling data within the method and gave 95% confidence interval estimates of the variance (which they called coefficients of variation), which were 0.38 for the AGI and 0.23 for the AMS. We analyzed their data and obtained a Cronbach's ao of 0.99 for both the AGI (neck rinsed) and the AMS. Unfortunately, samplings with the AMS and the AGI were not simultaneous, the media were different, and no between-methods comparisons were possible.
Several investigators have published work in which sideby-side sampling in some form was performed (Table 5) . Lundholm (27, 28) Table 2 .
Three studies were performed in laboratory test chambers by Macher and First (30) . In the first, Bacillus subtilis spores and Escherichia coli were generated from 107-CFU/ml solutions into a test chamber. Using a gelatin filtration method, Macher and First reported recoveries of 0 CFU/m3 for E. coli versus 174,000 to 202,000 CFU/m3 with the AGI. For B. subtilis, the filtration method yielded 314,000 and 105,000 CFU/m3, compared with 60,000 and 88,000 CFU/m3, respectively, for the AGI. Thus, recoveries were poor for E. coli and variable for B. subtilis. The second study compared the six-stage AMS or the AGI with a modified personal impinger method. The AMS yielded data that were 10 and 50% higher than those of the modified personal impinger method (in two datum points), while the data for the AGI were 1.5-to 2-fold lower than those for the modified personal impinger method in seven trials. A third experiment performed with B. subtilis allowed direct comparison of the results from the AGI and the sum of the results from stages 4 to 6 of the AMS. The ratio of concentrations determined with the AGI to those determined with the AMS were 1.2, 0.4, and 0.9 for AMS levels of 2,600, 27,000, and 42,000 CFU/m3, respectively. Since spores of B. subtilis are 1-,um ovoids, it is not surprising that the AMS generally recovered more organisms. Our comparison of these two samplers with spores of Micropolyspora faeni (Faeni rectivirgula) (1.2 ,um) yielded the same result and indicated that small spores pass through the AGI (22 Table 4 for the AGI and the NFE. Although comparison studies of bioaerosol sampling methods performed under controlled environmental conditions give useful information, they do not indicate the suitability of the methods for the particular field application. By performing parallel comparison studies in the atmospheres we wished to characterize, we gained directly applicable information about the utility of these methods. When sampling for microorganisms in highly contaminated environments, many sampling problems that are not found in less hostile environments may arise. The airborne dusts themselves are a significant factor affecting the tenacity of the organisms. Components of the dust lead to larger aggregations that can serve as protectants and absorb gases and vapors, thus complicating the quantitation. Work by Dossow and Muller (11) showed that agricultural dusts, calcium carbonate, ammonia, and humidity all influence the survival of microorganisms. Environmental factors have various effects on microorganisms, and these effects must be considered to optimize collection. Marthi et al. (32) and Walter et al. (51) showed that aerosol droplet size, relative humidity, and temperature affect viability of organisms and that survival rates depend on the type of organism. Temperatures and relative humidities comparable to those found in livestock confinement facilities prolong the viability of airborne microorganisms. On the other hand, in the swine barns studied in this work, concentrations of ammonia reached 40 ppm, concentrations of CO2 reached 5,500 ppm, inside temperatures were as low as 10°C, and relative humidities were as low as 22%. These extremes clearly have an impact on bioaerosol sampling results when, for instance, the sampling method concentrates ammonia from the air in the liquid sampling media (as with the AGI) or draws contaminated, cold, or dry air across microorganisms that have already been trapped within the filter matrix (as with the NFE) or on the surface of media (as with the AMS). The effects of specific environmental conditions on the ability of these sampling devices to yield accurate information remain unknown.
It has become imperative that we determine the specific roles of microorganisms and their components in occupational pulmonary disease. Bioaerosols need to be sampled to characterize the specific hazardous components and their VOL. 58, 1992 sources, quantify the organisms, and establish dose-response relationships between these components and disease conditions. By quantifying problem agents, control measures and remediation can be more effectively introduced into the agricultural environment. From the analyses described herein, it was found that the AGI was the sampling method of choice for viable bacteria in livestock confinement buildings but that the NFE was also satisfactory. For enteric bacteria, the AGI and NFE methods rarely gave acceptable values but the AMS demonstrated a good yield of valid data and high reliability. For sampling fungi, the AMS and the AGI both met the acceptance criteria, but the AGI demonstrated 2.7-fold higher recovery. Thus, for bioaerosol sampling in swine barns we found the AGI most effective for total bacteria and fungi and the AMS best for enteric bacteria.
